A swim-bed reactor using the biofringe acryl-fiber biomass carrier was used for partial nitritation treatment for anaerobic digestion liquor of swine wastewater. The sludge in the reactor demonstrated excellent settling properties, and the sludge volumetric index (SVI) was always about 50 ml g -1 . The mixed liquor suspended solids (MLSS) concentration was maintained above 10,000 mg l -1 with a maximum of 16,800 mg l -1 . Satisfactory and stable partial nitritation was obtained at a nitrogen loading rate (NLR) of 1.9 kg-N m -3 d -1 without any operational control. Only a little nitrate was produced almost during the whole operational period and the nitrite to total oxidized nitrogen ratio (NO 2 -N/(NO 2 -N + NO 3 -N)) was always above 95%. In addition, the influence of temperature on partial nitritation efficiencies was also investigated and non-controlled efficiencies were maintained stably between 15°C and 30°C at an NLR of 1.9 kg-N m -3 d -1 , but suddenly deteriorated when the temperature fell below 15°C. Nitrite oxidizing bacteria were inhibited by free ammonia and free nitric acid, which prevented the conversion of nitrite to nitrate and the inhibition due to free nitric acid weaken with a decrease in temperature. It was apparent that these phenomena were crucial to the control of partial nitritation treatment.
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Large amounts of untreated swine wastewater can result in environmental problems such as water pollution and odor. Thus, the regulation of swine wastewater has become stricter recently. In addition, energy recovery from a large variety of wastes including swine wastewater has been developed. For these reasons, anaerobic methane fermentation has been applied for swine wastewater treatment (1) (2) (3) (4) . Because methane fermentation is an anaerobic treatment, it can not remove nitrogen and phosphorus efficiently from swine wastewater, which can cause eutrophication (5) . Therefore, after treatment by methane fermentation, the digestion liquor is either recycled as liquid fertilizer or further treated by advanced treatment. However, advanced treatment requires more investment cost and there are few places where the digestion liquor can be utilized as a fertilizer. Therefore, it is important to find an alternative way to treat the digestion liquor efficiently in order to make use of methane fermentation for swine wastewater treatment.
Generally, nitrification-denitrification is used for nitrogen removal from digestion liquor. Nitrification consists of two steps, first ammonia is converted to nitrite by ammonia oxidizing bacteria and then nitrite oxidizing bacteria convert nitrite to nitrate. In the denitrification process, nitrate is reduced to nitrite and then to nitrogen gas. In case of using nitrification-denitrification, the high amount of oxygen supply for conversion of ammonia to nitrate and supplementation of extra carbon sources such as methanol for denitrification are required.
Recently, a new segment of the nitrogen cycle, anaerobic ammonium oxidation (Anammox), was discovered by Mulder et al. (6) . This reaction consists of the oxidation of ammonia to nitrogen gas using nitrite as electron acceptor under anaerobic conditions (Eq. 1) (7). This autotrophic process produces very little sludge and does not need supplementation of extra carbon sources, thus it reduces much treatment cost compared to the traditional method (8, 9) . For application of the Anammox process to ammonium removal, only partial nitritation is required instead of complete nitrification. In order to make the stoichiometry in accordance with Anammox reaction, it is desirable for partial nitritation of about 60% of the ammonia to nitrite. According to the merits mentioned above, the Anammox process shows potential for nitrogen removal of wastewater. 
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Partial nitritation as the pretreatment of Anammox should avoid conversion of nitrite to nitrate and limit the amount of ammonia conversion. Therefore, the physiological differ-ences between ammonia oxidizing bacteria and nitrite oxidizing bacteria are very important. Since ammonia-oxidizing bacteria are more resistant than nitrite-oxidizing bacteria to free ammonia and free nitric acid (10, 11) , compete more effectively for DO (12, 13) , and have a higher growth rate above 15 °C (14-18), partial nitritation can be achieved by controlling pH, DO, temperature and sludge retention time (SRT). If the conversion rate of nitrite to nitrate increased or the conversion rate of ammonia to nitrite decreased, the nitrogen removal efficiency for the Anammox process would decrease.
Swim-bed technology involving the novel acryl-fiber material, biofringe, is an exceptionally effective process for aerobic wastewater treatment. The biofringe material allows for attachment of biomass on a flexible matrix in a fixed position. By this approach, flexing of the matrix induced by wastewater flow creates a swimming motion that enhances mass transfer of nutrients to the attached biomass (i.e., biofilm). In addition, this motion enhances detachment of excess biomass, which is in a form that can be easily settled and removed (19) .
In this study, the swim-bed technology was applied for partial nitritation of real swine wastewater discharged from a methane fermentation process. In addition, the reactor was operated without temperature control to determine if partial nitritation can be maintained stably under conditions of temperature variation. Furthermore, the effects of free ammonia and free nitric acid concentrations on non-controlled partial nitritation were evaluated.
MATERIALS AND METHODS

Swine wastewater
The swine wastewater discharged from a pig farm in Hiroshima, Japan, was treated by methane fermentation (mesophilic fermentation at 35°C) and the digestion liquor was used as the test wastewater in this study. The characteristics of the test wastewater were pH 8.3, 5000-10,000 mg l -1 suspended solids (SS), 8000-17,000 mg l -1 total COD, 5000-11,000 mg l -1 soluble COD, 3000-5000 mg l -1 BOD 5 , 2000-4000 mg l -1 NH 4 -N, 3000-5000 mg l -1 total nitrogen (T-N) and NO 2 -N and NO 3 -N were negligible. The digestion liquor from swine wastewater contained a high concentration of T-N, and a large percentage of T-N was ammonia. Consequently, nitrogen removal is required before discharging the digestion liquor into natural water bodies.
Experimental setup and operational conditions A schematic diagram of the swim-bed reactor is shown in Fig. 1a . The digestion liquor contained a high concentration of SS, thus filtration was applied as pretreatment. This prefilter was constructed as an up-flow column with a height of 502 mm and diameter of 50 mm (volume of 0.95 l). Seventy pieces of the biofill (acryl-fiber biomass carrier; NET, Hyogo) (Fig. 1b) were used as filling material at a packing ratio of 27%. The applied influent flux was 4.58 m h -1 . The filling materials were repeatedly taken out the prefilter system after treatment of every 40-80 l and cleaned.
The swim-bed reactor had downdraft and updraft sections in a parallel upright arrangement. The cross sectional areas of the downdraft and updraft parts of the reactor were 115×115 mm and 115×35 mm, respectively, and the height to effluent port was 630 mm (volume of 10.8 l). The biofringe (acryl-fiber biomass carrier; NET) ( Fig. 1c) was used as biomass carrier and set at a length of 600 mm. The settling tank had volume of 2.5 l and water surface area of 0.017 m 2 . The settled sludge was gently mixed by a chain and returned to the swim-bed reactor with 100% recycle. The reactor was seeded with 30 g of activated sludge which had been cultivated using a synthetic wastewaters (composing mainly peptone and meat extract) by fill-and-draw method for a long-time under total-oxidation conditions. After seeding, the sludge was circulated by aeration for 40 h without substrate feeding and became attached on the biofringe. Then, continuous-flow treatment was started. The influent was diluted 3-10 times with tap water because of the high viscosity of the digestion liquor and mixed using a stirrer (250 rpm) for prevent SS from settling. Much foam formation occurred in the reactor, so the silicone antifoam (KM72; Shinetsu, Tokyo) was added properly. The reactor was operated without a thermostat heater. After establishment of partial nitritation, nitrogen loading rates were increased stepwise. When temperature began decreasing, the nitrogen loading rate was kept constant to investigate the influence of temperature on partial nitritation. Analytical methods T-N was measured by the persulfate method, NO 2 -N and NO 3 -N were measured by the colorimetric method, and COD was measured by the closed reflux colorimetric method, in accordance with Standard Method (20) . NH 4 -N was measured by the modified phenate method using ortho-phenyl phenol (OPP) instead of phenol (21) . Absorbance was measured using a spectrometer (U-2010; Hitachi, Tokyo). pH was measured using a pH meter (B-211; Horiba, Kyoto). DO was measured using a DO meter (D-55; Horiba). Figure 2a shows the time courses of total and soluble COD concentrations during continuous operation over half a year. The effluent COD concentrations were corrected for NO 2 -N interference (minus 1 that the Anammox reaction occurred even with high COD concentrations (18,000 mg l -1 ) (22) . Thus, there is a possibility that the COD containing these biological persistent materials does not inhibit the Anammox reaction significantly. After day 84, the effluent COD concentration was nearly constant, even though the HRT had been decreased stepwise and the influent COD concentrations had changed greatly due to fluctuations in influent SS levels. Decreases in temperature had a slight effect on the COD removal efficiencies after day 160. Figure 2b shows the time courses of SS in the influent and effluent of the swim-bed reactor. About 50% of the influent SS was removed by filtration (data not shown). The dilution was decreased stepwise and the effluent SS level increased up to 500 mg l -1 at a 3-times dilution (from day 24). When a large amount of SS is brought into the Anammox reactor, this will attach on the biofilm. As a result, nitrogen removal efficiencies are anticipated to decrease. In addition, a large amount of SS causes decrease in SRT and it becomes difficult to maintain the Anammox bacteria due to their extremely slow growth rate. Therefore, a means of removing SS such as the coagulation process should be considered.
RESULTS AND DISCUSSION
COD and SS removal characteristics
MLSS and sludge settling characteristics Figure 2c shows the time courses of mixed liquor suspended solids (MLSS) and sludge volumetric index (SVI) during continuous partial nitritation experiment. The SVI was measured by a 3-times dilution when MLSS was greater than 10,000 mg l -1 . MLSS increased rapidly from the beginning of operation, and remained above 10,000 mg l -1 following day 40. In addition, the highest MLSS concentration of 16,800 mg l -1 was observed over a half-year period. Even though MLSS was maintained above 10,000 mg l -1 , SVI was consistently around 50, which indicates the sludge in the reactor had excellent settling characteristics. It is considered that the swimming motion of the biofringe carrier enhanced the detachment of excess biomass, which is in a form that can be easily settled and removed (19) .
Partial nitritation characteristics and the influence of temp era tu re Figure 2d shows the time courses of NH 4 -N, NO 2 -N, NO 3 -N and temperature. Immediately after starting operation the pH of the reactor was up to 9.0 and the NH 4 -N level decreased due to ammonia stripping rather than nitrification. However, nitrification conditions were restored by adjusting the influent pH to 7.5 temporarily, and the conversion efficiency of ammonia to nitrite was about 50%. The dilution was then decreased by a factor of 5, but the conversion efficiency did not increase. However, when the dilution was decreased by a factor of 3, the conversion efficiency of ammonia to nitrite was elevated to 62% and stable partial nitritation was achieved. Then, HRT was decreased stepwise to increase the nitrogen loading rate (NLR). Finally, at an NLR of 1.9 kg-N m -3 d -1 partial nitritation was achieved stably (day 96-174). The NO 3 -N concentration was under 50 mg l -1 during the whole operational period, which indicates the conversion of nitrite to nitrate was successfully inhibited. In addition, the nitrite ratio (NO 2 -N/(NO 2 -N + NO 3 -N)) was above 95%.
According to Anammox stoichiometry, the consumption ratio of nitrite to ammonia is 1.32 mole. Therefore, the conversion efficiency of ammonia to nitrite for partial nitritation should be 57% for input to an Anammox process. However, because partial nitritation treatment is a biological process, it is impossible to avoid fluctuations in process conditions. When partial nitritation is carried out, excessive ammonia or nitrite in the effluent may be detected under the fluctuation of the performance. And the additional nitrification-denitrification process will be required, when high concentrations of nitrate and ammonia remain after Anammox process. Reversely, the situation of only excessive nitrite such as this study requires denitrification process after Anammox step.
From day 100, the reactor was operated without the thermostat heater to study the influence of temperature on partial nitritation. Although temperature decreased, partial nitritation was maintained stably under constant an NLR. However, performance deteriorated at temperatures below 15°C, but when HRT was increased from 12 h to 24 h, partial nitritation tended to recover.
The average nitrite production rates (NPR) under different operational temperatures (7.5-12.4°C, 12.5-17.4°C, 17.5-22.4°C, 22.5-27.4°C, 27.5-32.5°C) were calculated for studying the relationship between temperature and NPR as shown in Fig. 3 . Generally, nitrification activity is affected by temperature like other biochemical reactions. Previous studies have reported that nitrification for wastewater with high ammonium deteriorated around 10-20°C (23, 24) . In this study, NPR was greatly diminished under 15°C. Moreover, NPR didn't increase, but rather decreased slightly above 20°C, which indicates nitrifying bacteria were inhibited by high concentration of free nitric acid (see next section). Figure 4 shows T-N removal efficiencies during the startup period where ammonia stripping occurred because of high pH (day 0-10), the high temperature period (day 11-100) and the low temperature period (after day 100). The T-N removal efficiencies were about 30% during the startup period and decreased in half during the high temperature period. After the start-up period, the average pH in the reactor was 6.6, so it is assumed the T-N was removed not by ammonia stripping, but rather by denitrification in the settling tank or by ammonia oxidizing bacteria that are also capable of denitrification (25) . In addition, the T-N removal efficiencies slightly decreased with a decrease in temperature. Non-controlled partial nitritation Figure 5 shows the time courses of pH and DO in the reactor, and Table 1 shows the changes in average SRT at each NLR. The average SRT was calculated by the usage of average reactor MLSS concentration, the effluent SS and withdrawal sludge concentrations for each period. As can be seen in Fig. 5 , pH and DO in the reactor changed greatly during the whole operational period. Temperature and SRT were not controlled like SHARON process (14, 15) . Although pH, DO, temperature and SRT were controlled by oneself or in combination for partial nitritation generally, stable partial nitritation was achieved between 15°C and 30°C without any control.
Historically, the inhibition of nitrification by free ammonia and free nitric acid has been reported for high ammonium wastewater such as swine wastewater. Anthonisen et al. reported nitrite oxidizing bacteria were inhibited above 0.1 mg l -1 of free ammonia, and all nitrifying bacteria were inhibited above 0.2 mg l -1 of free nitric acid (26) . Free ammonia and free nitric acid concentrations can be estimated by equilibrium as follows: Figure 6 shows the time courses of free ammonia and free nitric acid levels. The free ammonia and the free nitric acid were kept above 0.3 mg l -1 and 0.5 mg l -1 , respectively almost during the whole operational period. Thus it is assumed that nitrite oxidizing bacteria had been inhibited, which may have prevented the conversion of nitrite to nitrate. In addition, the free nitric acid concentration tended to decrease with decreasing temperature from day 100. Therefore, it is assumed that non-controlled partial nitritation was maintained even though the temperature was changing because the activity of nitrifying bacteria and the inhibition of free nitric acid decreased concurrently.
In order to elucidate the partial nitritation capability of our process for wastewaters with high ammonium (NH 4 -N > 500 mg l -1 ), NPR, the nitrite ratio (NO 2 -N/(NO 2 -N+NO 3 -N)), and the control factors were compared with previous reports FIG. 4 . T-N removal efficiencies during the start-up period where ammonia stripping occurred because of high pH (day 0-10), the high temperature period (day 11-100), and the low temperature period (after day 100). ( Table 2 ). The research objectives for nos. 1-4 in Table 2 were not pretreatment for the Anammox process, thus all ammonia was converted to nitrite. However, it is assumed that ammonia can remain in the effluent for nos. 1-4 with a higher NLR, thus nos. 1-4 could be compared to this study. Partial nitritation occurred by the inhibition of free ammonia and nitric acid instead of DO and SRT control in nos. 1 and 2 and by DO control in nos. 3 and 4. Because the nitrite ratio in nos. 3 and 4 are lower than others, the nitrogen removal efficiencies for the Anammox process will decrease by using DO control for partial nitritation. The SRT for the SHARON process was short about 1 d (nos. 5-7) in order to wash-out nitrite oxidizing bacteria from the reactor, however, this short SRT may also result in the wash-out of ammonia oxidizing bacteria. From the reasons mentioned above, it is suggested that partial nitritation using the inhibition of free ammonia and free nitric acid is promising. Moreover, partial nitritation could be maintained stably by the inhibition of free nitric acid even with temperatures changing between 15°C and 30°C in this study. But it may be difficult to maintain partial nitritation for wastewaters with low ammonium levels (NH 4 -N < 500 mg l -1 ) without DO and SRT control, because the degree of inhibition to nitrifying bacteria by free ammonia and nitric acid would not be enough to induce partial nitritation. In addition, Campos et al. reported that the conversion of all ammonia to nitrate was obtained in wastewater with a high ammonium level (NH 4 -N: 3000 mg l -1 ) (27) . This is assumed to increase the NLR with acclimation of nitrite oxidizing bacteria in the start-up period. Therefore, the start-up characteristics for non-controlled partial nitritation must be investigated, and the effect of low ammonium levels (NH 4 -N < 500 mg l -1 ) on partial nitritation also must be investigated. 
